Excitation and ionization conditions in traveling ionization zones of high power impulse magnetron sputtering plasmas were investigated using fast camera imaging through interference filters. The images, taken in end-on and side on views using light of selected gas and target atom and ion spectral lines, suggest that ionization zones are regions of enhanced densities of electrons, and excited atoms and ions. Excited atoms and ions of the target material (Al) are strongly concentrated near the target surface. Images from the highest excitation energies exhibit the most localized regions, suggesting localized Ohmic heating consistent with double layer formation.
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When energy is supplied from external sources to an open system, entropy is reduced and dissipative structures can evolve. This is exemplified by often beautiful patterns in all kinds of biological, chemical and physical systems. 1 Plasma systems are no exceptions, and pattern formation is generally associated with waves and instabilities. Various types of instabilities have been identified for E× B devices such as Hall thrusters, [2] [3] [4] [5] [6] microwave-generating electron magnetrons, 7 and sputtering magnetrons. 8 Pronounced moving structures have recently been described by several groups when sputtering magnetrons are operated with high power pulses, i.e. in the high power impulse magnetron sputtering (HiPIMS) mode. [9] [10] [11] Various suggestions have been made as to the origin of these selforganized, moving structures. While the exact nature of the instability and structure formation is still subject to research, there is agreement that the patterns are associated with enhanced excitation, ionization, and the formation of traveling electric field regions having a component parallel to the target surface. [9] [10] [11] [12] In this contribution we use high speed spectroscopic imaging to elucidate some features of traveling ionization zones. We extend previous work [9] [10] [11] 13 by combining high temporal resolution (<< 1 μs) with sufficient spectral resolution ( λ ∆ < 10 nm) to obtain images in spectrally selected light specific to the neutral atoms and singly charged ions of the gas and the target material.
In preparation for spectroscopic imaging, optical emission spectra were studied for HiPIMS discharges using different targets in argon background of typically 0.5 Pa. We concluded that aluminum is a preferred target material in this context because (a) aluminum shows strong atom and ion spectral lines within the sensitivity range of the camera's photodetector (wavelength from about 290 nm to about 810 nm) and (b) those target lines are clearly spectrally separated from the atom and ion lines of argon. Hence, with aluminum one can obtain images using the light of target atoms, target ions, gas atoms, or gas ions, depending on the spectral filter used.
Highly transmitting narrow-band filters were used, whose nominal spectral transmission centers were as follows: 394 nm (Al I), 436 nm (Ar II), 480 nm (Ar II), 630 nm (Al II), 694 nm (Ar I), 810 nm (Ar I). We use here the spectroscopic notation, e.g. Al I is the neutral Al atom, and Al II is the singly charged Al ion. The details of the filter properties and the strong spectral lines in the transmittance band of each filter are given in the supplementary material. An important point is that the images represent very different upper excitation levels, covering the range from 3.14 eV for the 394 nm filter for Al I lines to 19.5 eV for the 436 nm filter for Ar II lines. This implies that the images contain information not only on atom or ion densities but also on the excitation conditions. We will come back to this point when looking at the results.
The experimental details of the discharge system and imaging setup are similar to our previous reports without filters 11, 14 and shown in part 1 of the supplementary material. 15 HiPIMS pulses were produced using a commercial pulser (SIPP by Melec GmbH). Most pulses were driven by a voltage of 550 V, with the pulse length and repetition rate set to 50 μs and 100 pulses per second, respectively. The current pulse shape was triangular which indicates that the discharge had not yet reached its steady-state level. 16 This implies that different current levels are imaged when the camera was triggered at different times within the pulse: later times mean higher currents.
The target had a diameter of 76 mm (3 inch) and a thickness of 6.2 mm (1/4 inch). The magnetron was unbalanced. The target was magnetically clamped and the grounded anode ring was flush with the target; these details are important since they allowed us to have an unobstructed side-on view. Two views were recorded: (a) a straight "end-on" view at the target disk, and (b) a glancing angle side-on view.
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The images were taken with a Princeton Instruments "PI-MAX 1024" camera equipped with a microchannel plate image amplifier. The exposure time was always 150 ns, which was short enough to avoid blurring by the motion of the ionization zone. 11 The intensities are presented in false color using the color scale "royal" of the image processing software ImageJ. 17 Unfortunately, the camera can only take one image at a time, and therefore the individual images shown in Figs. 1 and 2 are taken from different HiPIMS pulses. While the general character of the images is very similar from pulse to pulse, details like the number, location, and size of ionization zones and plasma flares vary. It would have been desirable to simultaneously take images in different spectral lights from the same emitting plasma.
The recorded brightness is not only a function of the discharge conditions but also depends on the lens aperture, the gain settings of the image amplifier, and the spectral sensitivity of the photon detector. Furthermore, the selection of the false-color look-up table "royal" amplifies the contrast. Therefore, one should be cautious when comparing apparent light intensity and contrast of different images.
The rows are sorted by the upper level of the electronic transition. Aluminum neutrals are standing out because the upper level is only 3.14 eV, with the excitation starting from the ground state. This is in stark contrast to all other transitions, where the upper level is higher than 13 eV. Therefore, neutral aluminum emission is dominated by excitation by low-energy, thermalized electrons, whereas the other transitions are indicative for more energetic electrons, either from the tail of the Maxwellian part of the energy distribution, or from secondary electrons.
As one may have anticipated, images using light from different species and excitation levels have quite different appearances. The top rows of Figs. 1 and 2 contain images taken without spectral filter, i.e. light is integrated over the spectral range of the camera. The next row in each figure shows light from neutral aluminum atoms. In end-on view, Fig. 1 row (b) , light emission shows structure and is spatially widely distributed, while in side-on view, Fig. 2 row (b) , the emission is practically limited to the region no more than 3 mm from the target. The next row, taken with a filter transmitting light around 810 nm, shows light from neutral argon, which is also widely distributed. In contrast, the light emitted by aluminum ions (630 nm filter) and argon ions (480 nm and 436 nm filters) exhibits strong localization in ionization zones (Fig. 1) , and ejection of plasma jets or flares (Fig. 2) . The perhaps most important observation is that ionization zones appear much sharper in the light of ions, and especially when considering levels of high excitation energy. This clearly indicates that (a) those zones are the essential regions of concentrated ionization, and (b) the electron energy is locally high, i.e. these zones are regions of energy dissipation. 
where ul hν is the photon energy associated with the wavelength. The density of excited states is generally described by a collisional-radiative model since the local thermal equilibrium model (dense plasma) or corona model (low density plasma) may not be applicable. Assuming that most atoms are in the ground state of density 0 n , the rate of producing excited atoms can be expressed by
where ( ) ( )
is the rate of excitation, ( ) e f ε is the electron energy distribution function, and ( ) 0u σ ε is the excitation cross section. Those expressions capture the essence to be discussed: the intensity of light from atoms is proportional to the density of atoms, the density of electrons, and determined by the electron energy distribution in relation to the specifics of the atomic properties. Therefore one cannot infer on only the density of atoms or only on the electron temperature in an isolated manner, rather, the images contain a convolution of information.
Considerations for ions are analogous, though ions need to be produced in the first place (first ionization energies for Al and Ar are 5.99 eV and 15.76 eV, respectively). Ionization followed by excitation amplifies the fact that the ionization zones are regions of greatest energy dissipation.
A beautiful illustration of the role of excitation by electron impact is shown in Fig. 2 , top row, image taken at 42 μs, 100 A (an enlarged detail of which is available as Supplementary Material). Bright arches must be caused by excitation by magnetized electrons since an arched formation of ground-state neutrals or ions is unreasonable.
In previous work 11, 12 it was proposed that ionization zones have increased "stopping power" for high energy electrons because electrons are more likely to interact with atoms, ions, and other electrons when the density of those particles is high. When interacting, energy is transferred from hot electrons, providing a positive feedback to cause even more ionization at that location. However, in very recent work by Hou et al. 18 it was shown that heating by secondary electrons is not the dominant mechanism of power dissipation in magnetrons. Rather, plasma electrons are predominantly "energized" by Ohmic heating in the magnetic presheath, where the electron cross-field current density is high and the electric potential gradient is still large. Applying this finding to the interpretation of images in Figs. 1 and 2 suggests that power dissipation is concentrated in ionization zones, with a power density of Ohmic heating
where . Additional local Ohmic heating, of roughly the same order of magnitude, is caused by electrons experiencing a potential drop in the z-direction, 18 i.e. when escaping the closed drift and forming plasma flares. The feature near the top left corner of some images is a reflection from the window's shutter. The scale shown applies to all images. Fig. 2 Compilation of side-on views with parameters as indicated. Images in the first column, 22 μs into the pulse, at 25 A, were taken with aperture 2.0, while all the others were taken with aperture 8. The images of the last column are again at 100 A but with falling current, just a couple of microseconds after the voltage pulse was switched off. The scale shown applies to all images. An enlarged detail of the image at 100 A, using spectrally integrated light, is provided in the Supplementary Material. 
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